Preparation and characterization of cesium 2D Bose gases in optical lattices
Preparation and detection of 2D gases in optical lattices The experimental procedure is similar to those described in Refs. (18, 27) . We adjust the atomic temperature by applying magnetic field pulses near a magnetic Feshbach resonance (33) to excite the atoms (18) . After the pulse, we tune the scattering length to a = 15.9 nm, wait for 200 ms, and ramp on the optical lattice to 6.8 E R in 270 ms. These parameters are chosen to allow the sample to reach thermal equilibrium after the ramp (27) . The final lattice depth is sufficiently deep to validate single band Bose-Hubbard description. After preparing the sample, we perform in situ absorption imaging using a strong resonant laser beam (18, 31) . The atomic density is independently calibrated in similar methods as in Ref. (18) .
Determination of the peak chemical potential and the temperature We determine the peak chemical potential µ m (chemical potential at the trap center r = 0) and the temperature T of a 2D Bose gas in 2D optical lattices by fitting the low-density tail of the azimuthally averaged density profile using the following formula (28) :
This formula is based on local density approximation and a mean-field model that takes interaction into account. Here n(r) is the 2D atomic density at radius r from the cloud center,
e x cos θ is the zeroth-order Bessel function with purely imaginary argument, β = 1/k B T , k B is the Boltzmann constant, t is the tunneling, V (r) is the envelope trapping potential, and U eff is the effective interaction. Here the calculation of U eff involves the Bose-Hubbard on-site interaction parameter U and terms for a modified two-particle propagator (29) :
where
and the integration ranges of k x and k y are both from −π/d to π/d, which covers the first Brillouin zone of the 2D square lattice. We test this formula on quantum Monte Carlo (QMC) data (23) . Within our experimental temperature range, the fitted T agrees with QMC value within 3%, and the fitted µ m agrees with QMC value within 0.6t.
Determination of the critical parameters
Normal-to-superfluid transition point µ c We use a procedure similar to that in Ref. (18) . (18):
The resulting critical points are shown in Fig. 1 .
Quantum critical point µ 0 For a given chemical potential µ, we calculate the reduced chisquared of the scaled occupation numbersÑ = N t/k B T using measurements at M different temperatures, as shown in the following formula:
whereÑ av (µ) = 
Thermodynamics in the quantum critical regime
Based on the Gibbs-Duham equation (34), we derive the pressure P (µ, T ) from the in situ density measurements:
The entropy density s(µ, T ) is related to the pressure via differentiation with respect to T :
We determine the pressure P using Eq. S6, and find that in the quantum critical regime near the vacuum-to-superfluid transition, it follows the scaling law of Eq. S8, see Fig. S1 .
Thus the entropy density s follows the scaling law given by Eq. S9,
Here K P and K s are generic functions ofμ. Combining Eq. 2 and Eq. S9, we obtain the entropy
where W is a generic function. When z = 2, ν = 1/2, D = 2, S/N k B satisfies the following equation
and is a function of the scaled chemical potentialμ
Eq. S8, and
. A similar technique was applied to obtain the entropy per particle for a bulk 2D gas of rubidium-87 atoms (31). 
Using Eq. S11 and Eq. S12, we arrive at a differential equation
Solving Eq. S13, we obtain the pressure P (µ, T ) using Eq. S8 and the density n(µ, T ) =
We thus determine the empirical equation of state as follows:
where x = 2 1+b
, y = 2b 1+b
, and the proportionality constant C = (
Effective interaction strength of a 2D gas We define the dimensionless effective interaction strength g for our Bose gas in optical lattices:
and for that without lattices (18):
where the effective interaction U eff is calculated using Eq. S2,h is the reduced Planck constant,
is the single-particle effective mass in a 2D optical lattice and can be calculated from the ground-band dispersion relation E(k), a is the scattering length which is tunable via a magnetic Feshbach resonance (33) , and l z is the vertical harmonic oscillator length.
Mean-field calculation on the entropy per particle We calculate the entropy per particle S/N based on Eq. S1. At low temperatures T , the Bessel function takes its asymptotic form I 0 (x) ≈ e x / √ 2πx when x = 2lt/(k B T ) is large, and Eq. S1 reduces to
One can calculate F (μ) by solving this equation self-consistently, and then derive K P (μ) and S/N k B = 2K P /K P ′ −μ from F (μ). In this calculation, the effective mass takes the value m * =h 2 2td 2 (under the tight-binding approximation); the effective interaction strength is thus given by g = U eff 2t based on Eq. S15.
